A number of studies revealed the possible eastward movement of the Tibetan Plateau low-pressure system in summer and indicated the enhancement effect of this process on the southwest vortex in the Sichuan Basin, which can induce strong convective precipitation and flood events in China. In this study, a numerical simulation of a southwest vortex rainstorm process was performed. e results show that the low-pressure system originated from the Tibetan Plateau affects the southwest vortex mainly at the middle level, causing the strength increase of southwest vortex (SWV), and acts as a connection between the positive vorticity centers at the upper and lower layers. For the microscopic cloud structure, the vertical updraft of the cloud cluster embedded in the SWV increases as the low-pressure system from the plateau arrives at the Sichuan Basin. Vapor and liquid cloud water at the lower level are transported upward, based on which the ice cloud at the upper level and the warm cloud at the lower level are joined to create favorable conditions for the growth of ice crystals. As the ice crystals grow up, snow and graupel particles form, which substantially elevates the precipitation. is effect leads to the rapid development of SWV rainstorm clouds and the occurrence of precipitation. In addition to the effect of the plateau vortex, the subsequent merging of the convective clouds is another important factor for heavy rainfall because it also leads to development of convective clouds, causing heavy rainfall.
Introduction
e southwest vortex (SWV) is one of the major weather systems that affect precipitation in China; early studies date back to the 1940s. e SWV can be triggered or intensified by the low-pressure system moving out of the plateau, with suitable weather conditions in the Sichuan Basin [1] . It is found that the eastward-moving plateau vortex and the SWV coupling vertically promote the development of the SWV [2] .
is vertical interconnection forces the intensification of the updraft velocity in cloud, leading to the growth of SWV [3] . When combined with favorable atmospheric vapor conditions, the SWV easily triggers a series of mesoscale convective activities, affecting the large-area rainfall process of eastern China, causing floods and severe economic losses [1, [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] [20] [21] .
e influence of the eastward movement of the low-pressure plateau system on the convective clouds embedded in the SWV and the accompanied release of latent heat associated with cloud physics is important for the development and eastward shift of the SWV [22] [23] [24] [25] , which is particularly true for the development of positive vorticity in low-mid layers during the occurrence of heavy precipitation [26] [27] [28] . Although topographical dynamics only form a shallow SWV, cloud physics and the accompanied latent heat release induce adequate development of the SWV [4, 29] .
Based on existing research results, the eastward movement of the low-pressure plateau system might couple with the SWV and lead to the occurrence of heavy rainfall. During this process, microphysical processes influence the development and evolution of the dynamic and thermodynamic structures of the convective system and micro-to mesoscale weather systems. erefore, the study of the interaction between the eastward-moving low-pressure plateau system and the SWV especially the macro-and microevolution of convective clouds during this process is of great signi cance to understand the physical mechanism behind heavy rainfall due to the SWV.
Case and Model Description
From June 27 to 28, 2015, part areas in the northeastern Sichuan Province su ered large-scale heavy rainfall with thunder and lightning, with a short-term strong gust in some areas. Certain towns and counties received precipitation more than 100 mm, reaching a maximum of 247 mm. is intense rainfall severely impacted northeastern Sichuan; numerous towns and counties were ooded, many roads were destroyed, and nearly 20000 people were evacuated. Landslides and other disasters due to the heavy rain also threatened the safety of residents, causing huge economic losses.
In this study, the WRFV3.4 model was used to perform numerical simulations. e start and end times of the case simulation were 06:00 UTC on June 27 to 06:00 UTC on June 28, 2015. A double-layer, two-way-nested scheme centered at 33.4°N and 99.7°E was adopted (Figure 1 ). e rst layer (D01) included 450 × 390 lateral grid points with 9 km spacing, and the second layer (D02) contained 646 × 550 points with 3 km spacing. e topographical information used was the 2 m, 30 s global data from the United States Geological Survey (USGS). Boundary conditions were imposed on the ne mesh by the coarse mesh. e following parameterizations were used: RRTM (rapid radiative transfer model) longwave radiation [30] , Dudhia shortwave radiation [31] , the revised MM5 (Mesoscale Model 5) Monin-Obukhov surface layer scheme [32] , the Noah land surface model [33] , and the YSU (Yonsei University scheme) planetary boundary layer [34] , and the Grell-Devenyi ensemble cumulus scheme [35] was employed only for D01.
e Milbrandt-Yau double-moment 7-class scheme [36, 37] was chosen for microphysics parameterization. Figure 2 shows the 24-hour cumulative precipitation from 06:00 UTC on June 27 to 06:00 UTC on June 28, 2015, with Figure 2 (a) being the observation record and Figure 2 (b) being the simulation result. e comparison shows that the simulated precipitation area largely coincides with the observation, particularly in regions of heavy rainfall. e simulated rainfall amount and the location of the maximum precipitation correspond with the observation: the observed precipitation center is at 32.01°N and 105.46°E, whereas the Cloud top temperature (°C) simulated center is at 32.15°N and 105.31°E. Basically, the simulated rainfall at ground agrees well with the reality in the northeastern Sichuan Basin. Based on the cloud top temperatures evolvement (Figure 3) , several convective cloud clusters are present from 07: 00 to 12:00 UTC on June 27, from western Qinghai to the Qinghai/Sichuan border. As the convective clouds in western Qinghai continue to move eastward, the clouds at the Qinghai/Sichuan border continue to grow and shift south. At 12:00 UTC, the latter begins to strengthen as the convective clouds in western Sichuan move south to 32°N, that is, arrive at the latitude of the convective clouds of eastern Sichuan. By 14:00 UTC, the convective clouds in western Sichuan move eastward and weaken, while those in the east keep growing. By 17:00 UTC, the convective clouds in western Sichuan disappear and the ones in the east grow signi cantly, developing into a deep convective system, along with the SWV. is development and strengthening of convective clouds in the SWV is accompanied by the eastward movement of the convective plateau system. Figure 4 shows the simulated cloud top temperatures from June 27 to 28, 2015. Compared with the satellite-observed cloud top temperature, it can be seen that the simulation reproduces the distribution and evolvement characteristics of the convective clouds in western Qinghai, the southward movement of the clouds in eastern Qinghai, and the strengthening of convective clouds in eastern Sichuan.
Numerical Simulation Results

Simulated Characteristics of the Eastward Movement of Convective Plateau Clouds.
Simulation of the Eastward Movement of the Plateau Vortex.
ere is a large area of positive vorticity spanning the downhill eastern plateau and northern Sichuan Basin at 07:00 UTC in the vicinity of 103°E ( Figure 5 ). During this period, a strong positive vorticity forms in western Qinghai, which keeps moving east. At 10:00 UTC, this positive vorticity shifts east to ∼103°E and meets the local positive vorticity.
e latter strengthens and moves to ∼104°E. Subsequently, the vorticity center of the Sichuan Basin continues to move eastward accompanied by the eastward movement of the plateau vortex and signi cant strength enhancement of the positive vorticity in downstream. At 14: 00 UTC, an intense positive vorticity center forms at ∼106°E, which strengthens with time and grows in range. By 16:00 UTC, the positive vorticity region of the northern Sichuan Basin further extends east, reaching a stronger vorticity center.
ereafter, the plateau vortex still moves east; however, the enhancement of the SWV gradually decreases.
e vertical distribution of vorticity ( Figure 6 ) shows positive vorticity regions in both upper and lower levels above the Sichuan Basin in the early stage, with the upper ones at 10-14 km and the lower ones below 6 km. At 11:00 UTC, there are several positive vorticity centers over the plateau located about 8∼10 km, and the positive vorticity center has an eastward-moving tendency. During its eastward shift along the eastern slope of the plateau, the vertical range of the vorticity increases as the altitude decreases; however, there is still no positive center around 8∼10 km over the Sichuan area. During 13:00-13:30, under the influence of the eastward plateau vortex, a positive vortex center appeared at 8∼10 km over the Sichuan Basin and intensified with time. By 14:00 UTC, the plateau vortex connects the upper and lower positive vorticity centers of the Sichuan Basin. e updraft velocity in the convective clouds increases rapidly, and the vertical extent of the clouds significantly thickens. At 14:30 UTC, the updraft velocity further intensified with the thickness of the positive vorticity area and convective clouds vertically extend. During this period, the positive vorticity above the plateau still moves eastward and meets downstream convective clouds at 15:30 UTC, with the vertical thickness of this originally shallow vorticity center located at ∼106°E increasing and the updraft inside strengthening. After 15:30 UTC, the eastward shift of the vortex above the plateau gradually diminishes.
From the vertical distribution of relative humidity (Figure 7) , it can be found that, in the early stage, the layers below 6 km are rather humid. A wet layer with 80-90% relative humidity exists at 8-12 km above the plateau, which is related to the positive vorticity over the plateau at this height. At this time, there is a center of 60-70% humidity located at 12-16 km above the Sichuan Basin, which corresponds to the positive vorticity center around this level. From 11:00 to 14:00 UTC, the relative humidity above the plateau shows an observable shift to eastern Sichuan. Influenced by the eastward movement of the plateau vortex, the upper wet layer of western Sichuan gradually deepens, that is, the upper and lower cloud clusters connect and the convection strengthens. At the same time, the high relative humidity at the middle level tends to expand east. A new center of high relative humidity occurs at the east of 106°E 
Cloud water mixing ratio (g/kg) 0 0.001 0.1 0.6 1.1 1.6 2.1 2.6 3.1 Previous analyses showed that the upper and lower positive vorticity centers over eastern Sichuan are not connected between 11:00 and 13:00 UTC. During this period, the updraft is very weak and cloud liquid water is present only below the 0°C isotherm (∼6 km), with small amounts of ice at high altitude (Figure 8 ). e maximum cloud liquid and ice water contents at 13:00 UTC are 1.6 and 0.6 g/kg, respectively. During 13:00-13:30, accompanied by the intensi cation of vorticity and the increase of relative humidity around 105.5°E, the cloud at this area develops to deeper extent, with the liquid cloud water apparently be transported upward. At 14:00 UTC, the positive vorticity regions in the upper and lower levels, with the increase of vertical thickness of the clouds and the intensi cation of updraft, transport a large amount of cloud liquid water up, reaching 12 km.
is massive upward movement of supercooled cloud liquid water increases the amount of cloud ice. By now, the maximum mixing ratio of liquid and ice water reach 2.0 and 1.5 g/kg, respectively. As the supercooled cloud liquid water transforms into ice at higher altitude, the formation of ice-phase particles enhances. At 15:00 UTC, the center of supercooled cloud liquid water is elevated to ∼8 km and the maximum water content reaches 2.1 g/kg. e maximum ice water content also increases to 1.5 g/kg. At this time, the continued eastward motion of the positive vorticity at 8 km strengthens the convective clouds downstream. From 15:00 to 15:30 UTC, the liquid and ice water contents of the former convective clouds signi cantly decrease, while those of the latter increase. After 15:30, the in uence of the upstream positive vortex decreases, and the mixing ratio of cloud droplets and ice crystals decreases gradually. Figure 9 shows the vertical distribution of the rain and snow water content along 32.1°N. ere is little rain and snow in the clouds above the eastern plateau and the Sichuan Basin during the early period. By 13:30 UTC, with the attendance of the plateau vortex, the updraft in the clouds and the rain and snow water contents increase. e intensity of the upward velocity continues to increase thereafter. At 14: 00 UTC, the snow distribution drops toward the 0°C isotherm and the center altitude of the snow water content also decreases. At 15:30 UTC, the snow water content of the convective clouds increases with the continued eastward shift of the plateau vortex around 8∼10 km and its center altitude moves up.
Graupel particles appear later with respect to other ice-phase particles (13:30 UTC; Figure 10 ). At 14:00 UTC, the graupel water content increases with the intensity of the updraft and reaches 5 g/kg at 15:00 UTC. By 15:30 UTC, the graupel evolves upward to 16 km with the center moving up to ∼10 km. Graupel particles also start to appear in the rear convective clouds at this time, and the mixing ratio reaches 5 g/kg. Height ( 
Rain water mixing ratio ( g/kg ) a signi cant increase around 21:00, which is the development of the local cloud system.
Analysis of Convective Cloud Merging.
After the e ect of the plateau vortex on the rainstorm clouds of the Sichuan Basin weakens, the convective cloud cluster continues to evolve. At 21:00 UTC on June 27, the convective cloud cluster A strengthens over the precipitation center (Figure 11 ), which enhances the ground precipitation below. 34°N   33°N   32°N   31°N   34°N   33°N   32°N   31°N  104°E  106°E  104°E  106°E  104°E  106°E  104°E  106°E   5  10  15  20  25  30  35  40  45  50  55  60  65  70 intense rainfall over northeastern Sichuan therefore occurs in two stages: the evolution of precipitation clouds accompanied by the eastward migration of plateau convective clouds and the growth of a cloud cluster due to merging of convective clouds over the rainfall region.
Conclusions and Discussion
(1) To the area and case we studied, the vortex system of the Qinghai-Tibet Plateau shows eastward movement, which is most prominent for the vortex at the middle level above the plateau. When the plateau vortex moves east to the Sichuan Basin, the vertical thickness of the SWV increases and the positive vorticity centers at the lower and upper levels connect. At the same time, the cloud thickness and strength increase. It is shown that the intensification and deep development of the cloud cluster in the Sichuan Basin are significantly accompanied by the eastward movement of the low-pressure system originated from the Tibet Plateau. (2) e eastward movement of the plateau vortex and SWV is accompanied by the variations in the macroand microphysical structures of the clouds. As the upper-and lower-level clouds merge, the supercooled cloud water breaks through the originally dry air layer and moves upward, which activates the growth of icephase crystals in the clouds including the transformation of ice crystals to snow and that of snow to graupel, providing the condition to the occurrence of precipitation and the further development of the convective cloud system in the Sichuan Basin. (3) e positive vorticity center at the middle level extends downstream and affects the development of nascent convective cells in the cloud cluster. e updraft in these new cells increases, which speeds up the formation and growth of precipitation particles in the clouds. When the influence of the plateau vortex wears off, the convective clouds locally maintain their growth for a considerable period of time and merge with new convective clouds, enhancing the updraft velocity and cloud evolution.
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